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Al)stract

AII i]])] )ortant coIII])oIIcIlt  of future  space missions is to cxatni]le  s]]lall solar sysicIII ol)jects  SUCII
as askroids wit])  iacx})cl)sive  sl)acccraft.  III order to Icducc th( costs of such ]Ilissions,  it is desirable
to ]wrfor]ll  SOIIIC or all of (IIC navigation funciio]l onboard  tlI(  spacecraft. ‘1’llis  pa])cr  ])rcsents an
algoritl]]n  to autonomously clctcrmiac  tlIc orl)it of tlIc spacccI aft using a wide field-of-view camera-. . . -------- -- --- -—–—. . . . . . . . . . . .
ancra ]Jrcco]nl)uted  moclcl of”fliF-tibjcct.  “ii)– the algori thm, t llc obscivcd lilnbs  of ilic ot;jekt”-ai?-—_—. — .—
co]n])arcd  with its prcco]n])ut,cd  location  using the ]node] to obtain  an i]lst anta]ieous  posit ion fix
of the s])acccraf~.  A series of tlIcsc ])ositio]l fixes arc tlIcn i]ll)ut to a filter which dctcr][li~lcs the
COIIII)ICLC state of .LIIc spacccre[t. ‘J’]Ic procedure is validakl usil]g simulations of orbits  around
S7aii)])l;  asteroids.

1 Introduction

‘1’lIc navigation]) of s])ac.mraft  orbit,i]lg  small objects  such as asteroids ])rmIIlts s])ecial  problems not
SW211 in ])larlctar<y  orbiting missions. IN particular, the dy]lamic cnvironmc]lt  tllc spacecraft is operating-.
in may h cllangi]lg  quickly duc to perturbations fro]li “ihi” gyavity  fic]d alId solar ]’adiation  prmsuri.—— . . ...-1 .— ._.. ._. ._. _.. _—. . . . . . .
Ma]lcuvcrs arc tlICII nccdcd fairly o~l,cI; ‘to”rllai]ltain  tlI~ oIl)it. k“avi~-ati]lg  tlIc s])acccra~t  using colRel;-

.

tio]lal  gyound-based Incthods  may h very costly in tcms of staffing rquirc]ncnts  to keep pmsonncl
arou]]d  tlIc clock to ]Jcrfor]n  orbit  determination ar)d ]nanwvcr  analysis fu])ctions.  It ]nay also prove
to 1x: i]npractic.al  to navigate froln t,lIc ground due to frcquellt  mancuwrs  aIId long rou]ld-trip  light
t,imcs.  l“or t,hcm reasons, the feasibility ofperfoming  somcoI  all ofthc ]Iavigation fu]lctions onboard
tlic s])acccraft  is bcinglookd  il]to. ‘1’his st,udy  addresses  the ])robleIII ofo]ll)oard  orbit dctcw]ni]lation

of a spacec.@l  amml ~mml.1  o~jict.  It-is a s su red  that all important  first st~])  to ally autol~ol~lolls
;clicvil;ior  orbiting mall objcds-  G]Idin.g a model of the object itself - IIas km done and is available.
An algorithm IIas been dcvclo})cxl whit]) uscs this prcco]n})utcd  sllapc IIIodol  of tllc object a]ld images
takc]l.  with awidcficld-of-view (l’OV)c al]lcrato  a~]tc)]loI]lo~]  slydctclllliI~c  the statcofthc  spacecraft.
‘1’IIc  II~cthod is dcmo]lstratcxl with the uscof  asimulation.-/. . . . . . . .

2 Equipment

‘I’llesol(}  i]]strlll]lc:]lt  used toobtaia  dataisa  cameraw’itl]  a\\idel’OV (arou]Id 50t060dqyccs)  a n d-— . . . .
afairly short focal length @5~o  100 IIIm). ‘J’llc:cxaci  SpCCifiCitt,iOllS C)f tl;  ca]llma  will d;})clld-o]l  tllc
])alticlllarl  llissio]l; foltllissi]lll]ltitioll , ~-n 800x800 pixel  array camma with a 60 deg. 11’OV and 50 111111
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focal IC!ngth was Clloscll  . ‘]’]Ic wide ]1’OV is ncccssary  to km]) t,lIc cmtirc  object within the camera  frallle
cvcll at fairly close distances. III adclitioll,  tllcsc s})ccificatiolls  ensure tlIat  [J})cc.tccl  errors ill camera
pointing obtaiIIcxl  illclcpcndcnt]y  of the ilnaging camera will bc at the sul~-pixc] level and can be ignowll
for the si~nulation.

3 Image Processing

3.1 Object Modeling

It is assu]ncd ill tllc subscqucIIt description of the illlage  proccssin.g n)cthodology  that a rcasonaldy
good model of the object  lmill.g  orbited, including its spin rate and orimltat  ion in space, is available.
AltlIough tllc details of how this is obtaincxl  is beyond tlIc SCOI)C of this tmt, a brief discussion of the
object  moclc]ing proc.css  is necmsary.

l’irst,  a suitable forlllat  for t,lIc objects sha])c model is nmd[d. Although several  for]nats  exist, such
as spl]crical  harmonic expansions of the topography and albcxl(j,  or iIltelc.clllIlcct(~cl  flat plates (Ref. 1 ),
we C.l IOSC a IImV rcpresentatio]l  which is I)otll  compact aIId easy to rcIprcscIIt  uIIusual sllapcs. ‘ill IC basic
idea is to rc])rescllt the object  as a tl~lcc-clil~lel~siollal  lnat,rix.  IN cacll  block of tllc matrix, a IIumbm is
used to dcscribc whether the Mock is occupied by the object, or is cIIIpty space. ‘J’IIus,  the object is
built up as a set of occupied blocks in the 3-11 lnatrix.

Viith the re]mscmtation  chosm, ~hc scc.ond  problcln is to build the II Iodel f rom piciurcs  of the
object. lJl]fortullatcly,  un]css  the mission is to lcla  or Gaspra, 110 pictures arc available of any asteroids.
One possible solution if the astmoicl  is a near l’;arth  one is to obtain a rough estimate of the shape
from raclar bounces  ofr tlIc object, such as was done  fo r  ~astalia  (Ikf. 2). ‘J’lie rotation rate can

bc obtained  from cxami]ling tlIc light curve from ground bascxl  observations, but the orientatioli  may
be })rol)lclnat,ic. ‘J’lIC secoIId option, thcmforc,  is to obtain  tlIc shape 11-Iodel  froln picture taken  by
the spacecraft in t,lIe vici Ility of tlIe asteroid. III a missio])  to an asteroid, tlIc nomilla]  mission plan
would ul~doubtmlly  illcludc a })hasc wllmc the spacecraft would be either bc very slowly approaching
tlIc object, or ill a loosely boulId orbit  at a great  clistallcc fr(lm the ccmter.  l)urillg  this period, tile
on board  c.amcra would bc taki Ilg pictures of the asicroid  in ordm to characterize its pro]mties,  such as
its sire, shape, orientation, md spin charac.tcristics. 11’mm this observation campaign, which might last
weeks or evcw III OIItl IS, a low order slla]w  IIIodel call l)c obtai]lcxl,  as w(III as accurate cstimakx of its
po]c  oricmtatioll and rotation  period. Whether this CaII IN dollc autonomously onboard,  or whetllcr  it
must bc CIOIIC 011 tlIc ground  is still open to qumtion. (Jurrcnt]y,  software exists in the Optical Systems
Analysis group  at J]’],  which take.s in a set of pictures of an ol)jcct and computes a shape model using
spherical harmonics (Ref. 3). III addition, an cflort is underway to refine  this procedure  to produce a
model ia the block format dcsc.ribcd above. 11’uture  efforts will inc]udc  auto]  ]lating this process for usc
in an onboard  syste In.

3 . 2  S p a c e c r a f t  Point  Positioning

IIistorically,  optical navigation has bcwn used primariljr to obtain  target relative angular lneasurcmcnts
which sII})})lc:IIIc:IItccl  standard radio IIaviga.tion  tecllni(lucs  for dcxq-s])acc  missiolis  (l{cf. 4). ‘J’o obtain
tllc mcasuremmt,  tecll]liqucs  were dcvclo])cd to pcrfo]m  hig;h ]~rccisioll  c.cl~tcrfinding  (0.1 pixel or less)
on objects which were uIIrcsolvcd  point sources or e]li])soidal  cxtcndcd  bodies. l’or orbiting all asteroid
whose shape  model is available, howmwr,  an additional observable, nalncly tllc ral Igc to the object, can
be inferred from tllc image!. III particular, the shape mode] elIa blcs a dctel-Illillistic  mcasurcmcmt of the
spacecraft’s object cmltercd position fro]n triangulat,ioll. ‘J’his  ]Iroccss is easily visualizcxl  froln 1+’igure ];
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the s])acccraft lies on tlic i]ltcrscc.tion  of
and Io) of the object. III principle, ibis

~~,~ Spacecraft

Spacecraft Viwing (~eomctry

two li]]eof-siglit vcctt)rs (IZ alId Ii) to two kIIown  l i m b s  (ITI
mcasurcmc]lt  is Suflicicnt  as alI instantaneous position fix for

sukcquc]lt  incor})oration into a filter for full spaccnaft state esti]natio]l. 1 n pmcticc,  however, it is

both nccmsarv  md desirable to get a filtered position fix as well duc to inaccuracies in the object model
and limb corrclatioli  tcchuiqucs. in addition, since a nomiual trajectory is available, the problem can
bc s e t  u]) as a lincarixcd  lmst-squams  csi,imatc about  tllc ]Iominal  ]Jositioll, which grcat]y  simplifies

the c.olnputatioll, ‘1’lIcfiltcrcd  }Josition  fix also]~rovicl(’sf{)rlllal  statistics  ofoftllcpositiol]  cstimatefor
usc ill the full statdilt  cr.

‘J1]IC ]) IOCCSS  to obtaili afiltcrul csti]natc of the illstantallcous position will now be clcscribcd.  111
odcr to simplify the equations, the assumption is made  that calllcrac  listortioIls  amignorcd  and that
the camera bormigllt  is alo]lgthc  spacecraft z–axis  (SCC ]Lcf. 5 for a Inore detailed dcrivatio]l).  Also,

it is assumed tlIat  li]nb  vectors have been rotated into a body-fixed inertial refcrcncc fralnc.  l“ro]n
l~igurc  1, it can I)c seen that ihc spacecraft’s inertial I)ody-centcrcd  })ositioll vc:cto]  is ~+, t,]Ic va,riab]c

t,obccomputcd  . ‘1’llcc)bsc]v{:clli]lll~  i]ltllcca]]le]ai]llagc  is tllc’li]lc-of-sigllt  vector, Vpmjcc.kdinto  the

c.amcrafoc.al  p]anc, WIICN 1~ can bc computed as ~–~’. ‘I’ot]ill  ]sfo]l~~17 i]lto})ix(>l  all(lli]lc coor(li]]atcs,

first rotatcl~ illtotllcc.alncra  frame (aframcwith  tlIe 2-- axis alons  the camera  bolcsigllt,  al~d tl~c ~

and y axes dctmmincd  by the camera twist an. glc):

]7C =, q)cl~ (1)

Where

\/C ~- t]l~ ]i]~~:.of.sigllt  VCCtOr to t,]Ic ]il]lb  ill tlIc ca~ncca fmnc, and

!/>(; ~ tlIc rotation lnatrix  from inertial to tlIc calncra  flalllc.
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‘J’hm, projcwt,  l~illtotllcciilllcrafocal  ]Jlanc via tllf’lellsecluatioll:

Whm’

J = tll[:calllerafo  callcllgtll,ill  lIlm

~!7Y = tlIc ]ilnb  IocatioIl  in focal plane coordinates, ill 111111, and

Vcl , Vcz , Vc:i = i,lIc com]joncnts  of the line-c)f-sight vector.

]“inally,  the lilnl)  location in pixel and line coordiniitcs  p, al)d 1 is

(2)

(3)

Wh(:rc

x ~ tlIc conversion matrix  to go froln IIIIn to pixc]  aIId lillc..

‘1’0 })crforln  tlIc ]east-squares cst,imate, partial derivatives of the observable (tlIc pixel and line
coordinate of tlIc limb) with rcspcc.t to the instantaneous position of the spacecraft arc needed. 2’IICSC
pa.rtials arc obtaillcd  by first diflcmlltiating  the  l imb  ])oint ill focal plallc 111111  coordi~la,tes  w i t h  t h e
line-of-sig]lt vcct,or  V (Ref. 5):

Note that ~~- is zero if tlIc calnera  focal lmgth is coI~staIlt, a?id that., .
cmnera fral Ile rotation  matrix. ‘J’lIeII,  tllc pixel and liIICI partials are:

[N=[ml=’’[!il

(4)

‘J’hc last stc])  is to ])crfom tlIe chain rule to go from partials  uith Icsl)cci,  to tllc line-of-sight vector to
partia]s  with res])cct  to s])accc.rafi, ])osition:

[N=[w:’=-[!’ll (6)

lJsiag the above equations and givcll  a nominal guess for the position, tlIe upclatcd position estimate
becomes a standard wcigllted  least-squares prob]eln:
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i = estimated corrcctioII  to the position

A]), Al =- tlIc olx+cm’cd minus com])utml  ]Jixcl  and lillc  rcwidua;s

W u the weighting matrix

N = the number  of limb observations.

‘J’lIc  tcrIn in brat.kct,s ill (9) is the formal covariallcc matrix  of lhc cstimalc  wllicll  will bc used later in
LIIC orbit  clctmmination  filter. ‘J’ho weighting matIix, W, is t,]l~ i,,ve~s~ squa](! of t,hc unc,ertailltics Of

each pixel and lillc  residual paic. IIow this valuo is dcicrmincxl  will bc dcscriljcxl  in the next subsection.

3.3 Limb Extraction and Corrc21ation

‘1’he  last,  ])iccc  of the ilnage proc.cssing system is the actual lillll)  correlation tmhniquc  which lnatches
tlIc pmlictcd  lilllb  locations with the true locations sml by tlIc calnera. ‘J’llis procms  must  bc fairly
robust, for if all incorrect  IIIatClI  is found, the so]utioll  obtained from tllc fill m above will bc in error.
IIistoric.ally,  this correlation was simplified by the fact that tlIc initial lnatchi]lg  of the limbs is done
by a IIumall, t]lus, avoiding gross IIlisiclclltificatiolls. ‘J’o .aIltoltlatc  this prc)ccvis to a certain (lcgl”cc,  thC

])rocfxlure used is as follows.
l’irst,  coIn])utc  t h e  cclltel-of-l)riglltllcss  (CO1]) i n  the modclc!d and olmrvcd ]Jicturcs.  l“igurc  2

SIIOWS  tlIc: location  of the ~011,  lna~kc.d  by au ‘o’, coIIIJ)utcd  for a modcdcd  SCCIIC  (1’ig. 2a) and t h e
“true”, or olmmwd  sccmc (1’ig. 21)). IIcpcmdin.g  on tllc phase, the ~01] will bc offset  from tllc ccmtmr-
of-figure (~011’, used here as being the same as ihc cmltcr-of-lnass  of the asteroid, shown ill l“igurc  2
as all ‘x’). ‘J’]Ic  value of the offset computed from t]I(’ model  will bc used to ,gucss  t,]Ic ~01’ of the
ol)scv’vcd  Sccllc. ‘]’lIc limb scaIIs  will be takcw from the respective ~011’s (If tlIe IIIodelcl and observed
Sccllc.

‘J’lIe  IIcxt  step is to find candidate li~nbs t,o c.orrelatc. III order  to get, tllc lnaximima]  geometric
information!, it is desirable to ol]tain lilllbs as far separated as possil)]c. I1OWCWCI , UNICSS the asteroid
is SCCII at full phase (an unlikc]y cwcwt,  given most mission c.ollstraints),  cmly lilnbs from the lit side of
the objcc.t will bc usable. Of all locations on the lit side!, an ol)vjous first choic[!  is tllc:  liml)  lying along
th~ sun dimctio]l  ill tllc C.alllcra f rame. ‘1’hc  sun ang]c ill the camera fralne,  qt, can bc fouIld  from

(10)
(11)

Whcll!

,’?l = the s])ac.ccraft  to  sun vector  ilI incl tial coordillatcs,  allcl

57,.~= tile spat.cc.raft to sun vector  ill c.alllma coorclillatcx,

‘J’IIc lilnb is found by salnpliug  the bligllncss value (knc)w  as the I)N ~raluc) along tllc line from the
~01’  towards the sun direction until it falls below a certain threshold (shcnvII as a line which starts
frolIl ihc COII’  and directed  towards the sun ill 11’igurcs  2a alltl  2b). in tlIe sall]c maunm,  radial scans
from the ~ol” arc tak{!n to saIIIplc the limb in a 60c’ arc ccIIlcmcl on @ fcn the model and a 90° arc
for the olmnation. ‘J’IIc allgula,r incrmncnts  at which the scans are taken  arc clIoscIl  to bc SUCII  that
tllc arc spallllcd  frolll ollc liml~ scan to the next is close  to OIIC pixel. ‘J’{) cIIsurc\ that this is the case,
at cinch limb scan, tllc incrcmcnt  for the ncxi  scan is comput(d  by cliviclins  OIIC pixel by tlIc radius of
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11’igurc 2: (JcI)tcr-of-briglItIIcss  and l,imh Scans for (a) Model  SC,CNC and (b) obsmvcd  SCCIIC
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l{ ’igurc  3: l,ill)b l,ocat,iolls froIn  Moclcled  aIId Observed Oljjcct for  Scans  Surrounding Sun]jnc

the linlb fmn ihc COII’. ‘J’his  mults  in WI array  of about  70-80 limb samp]cs, 1,111, for the mode] ancl
110-130 Salll])les,  I,c), for the obsmvation.  l’igurc 3 p]c)ts  tllc salnplcd linlbs surrounding t,llc  sunlinc for
the lnodc] and obsmvd  sccllc shown j]] l“jgurc  2. q’]lc  abso]uf c position? of 1,,,, and Lo arc mnovcd
by subtractiIIg  cac]l li]nb location from tlIc first onc in LIIC SC1, rcsulti]ig in a ]nat]ix  of dative l imb
locatio]ls. ‘J’lIcm  rcdat,ivc  limb positions am said to be matched wlIeI)

1 1 1 ,0- (Ll,, + S)ll (12)

is a lninimulll,  wllcrc S is tl)c ])ixcl and lillc  shift to k dcterlnincx]  wllic}l  achicvcs  the minimum.
‘1’o find S, the sllla]lcr  array  of Ll,l js overlaid with a salnp]e of 1,0 of t]lc sa]t)c  ]cngth,  starting  from

tllcir ficst  values ,  and I,IIc IIOrIn js com])utd. ‘J’his  process is rcpcatcd  by illcrcmcntillg  the starting
locatio]l  of 1,1,, aloIIg  1,{, until the cnd  of LO is reached. A plot of the norni of the difference Inatrix
is sI1ow]1 ill ]1’igurc  4 for  a candidate set of limbs. ‘J’lle minimum of this ])]ot js tllc location along Lo
at, wllicll  tllc lilnbs  am best  correlated. ‘J’lie sci, of abs(dute  lilllb  locations of tllcse matcl~ing  limbs arc
tllm recomputed, and the a.vcragc cliffcmnce  bctwcwn them ]Jrovidcs  the residual  observable for the
limb scan dircctiwl  givm) by #.

‘J’his  procedure produces O])C of the Ays and Als needed in the ]cast-squares  fit. ‘J’o get other
candida.tc lilnb points, the same limb scan and matcl~ilg  procms  is mpcatcd  along lines at +60°  and
430°  of +, to get a total  of flvc lilnbs (see ]’igurc 2). Whf2]I  the p]lasc  bccomcs greater than  90° ,
howcvm, the ]ilnbs ]](MY tllc ]m’pcmdicular  to t]lc sun lin~’ bc(omc unusable, and only the +45°  are
used, for a total  of tllrcc limbs. ‘J’hc degraded information available in these cases is rcflcct,ed  in the
formal covariallcc lnatrix  froln (9), and will bc accoulltcxl fol in th(! orl)it dctcmnination  p rocedure
dc.scribed ill the ]lcxt  scctiol].

‘J’1)[)  ullcmtai~ltics  for cacll  ])ixcl and line ])air of residuals is conl])ute(] as follows. ‘J’l]c  minimum
sigma is takwl to bc number of I)ixcls corresponding to t,llc  resolution of tl]e inlagc. I’or example,  for
tllc 250 ]n resolution ]nodcd used ill the simulation SC(III  at a, distance of 85 k]n, the resolution of the
ilnage can bc con]putcd  as roughly two pixels, based o]i tlic given wide I’OV ca~ncra, ‘J’he]), in order
to account, for variations in tllc ability of the image pI ocessing to match lin I})s ])ropcw]y,  the weight is
takcvl to be tht! rms difrclcncc of the best matched lilnbs, if this value is greatm tham the lninimum.
‘J’IIus,  a })oorly IIlatc]lcd  ]imb  wi]l hc! ass igned the wcig]lt  of the rms djfl’cmwce, wllcrcas a well lnal,ched
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limb will bc give]] tllc lninilnuln. ‘J’hc unccvtaint,ics  in pixc]  and line arc assumed to bc ul}corrclatccl,
so W in (9) will be a diagonal 2x2 matrix.

II] ])racticr,  it was found that tllc proc.cdurc  dcscrihccl usually IIecdcd t\vo itcrat,iolis to convcrgc  if

tlIe  ]Io]ni])al  ])osit,io]i  difrcd  fIoIn tlIc t r u e  position  by m o r e  t]la,]l  a fcw  d e g r e e s .  ‘J’]Ic first itcratjo])

is nmlcd to rc]nove tlic angular  error, from whic]l a ncw Inodc]  is construct w]lich is correct in
orie]lt)atio]l  hut ~)fr ill distanm. ‘1’llc second itcratio]l then rcmovcs the rmnaini]lg cIIor in range. I’hc

proccdurc  will coIivcrgc  for al)glcs CVCN as IIigh as 30° or so, but mom itel ations  arc llccdccl,  a time
collsulni)~g  pmmss since ii, requires lc:cc)lll])utatioll  of the mo(lcl sc,clic  at each iteration. 1]] gc]lcral,
however ,  t,lie a-])riori  kllowlcdgc  of t,hc orbit  will bc better tllall this, so 1 wo iterations will usually
Sufflcc.

4 Orbit Determination

‘J’hc image processing ])roc.cdurc })roduccs an instantaneous fix on the cartesiall  position of the spac,c-
craft  relative to I,I]c asteroid. It is clcsirablc  to connect these fixes together to estimate the complctc
state of the s])ac.ecraft. 11’or  this analysis, a simple Kcplcrian  t,wo-body  orbit was used for tllc force
moclc]. ‘J’hcn,  a standard  orbit  determination filter \vas applied whic]l linearizes the orbit  around a
nominal trajectory, and c.omputcs  corrections to the nominal state based oll a batch least-squares fit
to the observations. ‘J’IIc estimated state inc]udcd  the spacecraft’s Positic)]l  and velocity, and t,hc ~rav-
itaiona]  paralncter,  /4, of tllc asteroid. With the obscrvatic)lls  being t,hc install’
the observational l)arl,ial  ltlat,rix  at a given tilnc is sim])ly:

. -.
ancous position fixes,

8(0/)s)[ 111:3,7  = -–—
a(sidc)

= [13?3 [ 03,:4] (13)

‘J’he observations arc mapped hack to tllc epoch using the state transition ]natrix  of the flltcr,

lj = 11 4)72.; (14)

8
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so the mappcxl observation partial matrix  is simply the first 3x7 elements of the state transition lnatrix.
‘J’](c least-squares cstimaic of the corrections to the nomina] state are:

i = [Ii’ + imvil]-””’iww (15)

where

‘1‘, -..,-. the corrcciions  to the nollliual  state
~ti.l = tl)c a-priori covariallc,c  of the state

W = the weighting of tlic olxm vations, and

}’ = tile vec to r  o f  obscrvatiolls.

‘J1hc wcigllt  matrix, W, is the illvcrsc  of tllc formal statistics from the imapy processing given hy (9).
IIlach batch  of the filtm consists of a set of at least three position fixes from the image processing
filter. At, set increments of time, a ncw estimate is computed, using the lnappcd  covariancc  from the
previous bate.11 estilnatc  as the a-priori covarianc.c mat]  ix, 1’0. ‘J ‘hc process is illitializccl  with no a-priori
know] cdgc, that is, 1~-1 = O.

5 Simulation and Results

in order to verify and test the image processing and orbit dctmrmination  ])rocc(lurcs, a silnulation was

pcrforlnc(l  for au orbit around an asteroid. ‘1’llc silnulation  CIIII)IOYS a “truth” il)tcfyation  which is usccl
to c.a;culatc  the t~uc gcomchy for building the simulated 01Ex71 vab]c, and the IIlodcl  integration which
inc]udcs  errors i]) l,lic  i]]itial state paramcicrs. ‘1’0 adcl realism a IId assess tllc effect of systematic errors,
the IIIodcl of the ol)jcct,  c.omputd  by tJIc filter employs a difrc]  cnt rcprcscnt  at ion of LIIC object, as W C]]
as difrcrcllc~:s  in the luminosity aud phase laws which dcsc.rihc  its briglltllcss distribution. IU particular,
the mode] object uses tllc block rcprcscntation  which has a surfi~cc  ]csolutioll of 250 m, whereas the
“trutli” object uses tllc ilat ])latc rc])rcsentation  dcscril)cd  ill l{t,f. 1. Siucc  t}lc ])latc rcprcscntatioll  was
developed primarily for visual  izatio]l  purposes, it incorpomtcs  interpolation hctwcm connecting  plaks
to l)roduce a smoother picl,urc,  while the blocks have a solncwhat  rouglIcr  look. ‘1’hc  astt!roid’s  mean

radius  is a})l)loxilllatc:ly  20 km, and its ~lomina] gravitatiolial  ]Jarametcr,  CO])L])UW assu~ning c.ollstant
clcnsity,  is 8.867 x10–3 km3/s2.

‘J’hc silnulatio]l was initialized with a near circular orbit  with a scmiltlajor  of axis of around 85 k~l~
and an eccentricity of 0.1. ‘1’hc orbit  is l]carly  perpcndic.ula,r  to ihc sunli]]c, so tllc phase varies from a
minimum of 80 dcgyccs  to a maximum of 97. ‘1’hc  initial disc. rcpancy  in tllc spacecraft’s state Mwccn
the mode] and the trulJI trajcct,ory  is about  5 km in raIIgc  and :~ dcgrccs in angular  position, and about
10 mIn/s  ill velocity. ‘IIIIC true p is set to hc 1.155x10-  3 k]113/s2, a discrepancy of about  30(% from the
model. olxwrvatiolls  were iakcll at. a rate of onc pcr hour, all(l  all orbit solution was ]Jcrformcd  afi,cr
three observations, or every three hours, ‘J’hc minimuln data vcight  for each limb observation was set
at 2 pixels, which corrcwpoI)ds  to the resolution at 8.5 kln rangy using the ca~ncra parameters and block
mode] rcso]ution dcscribcd above. Each time a solution is c)btaincd, t]lc csti]natcs  and c.ovarianccs arc
mapped forward to the next epoch and used as the a-priori solution for tllc ]]cxt  batch estimate.

‘1’IIc  results of the simulation arc s]lown graphically in l’igurcs 5 t]lrough 7. l’igurc 5 plots the
rcsidua; bctwcm] tllc instantaneous point positioli estimate IIladc by th(! illlagc  processing filer and
the true position in the camera x-y-z (the x and y being the ])ixcl and lillc  coordinate, and z is along
the camera borcsigllt)  fra]nc. Also l)lottcd arc the 10 error bars  of tllc csiilnatc.  It can bc SCCII from
these plots that the filter successfully computed the correct state in just about  every case, with the
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l’igurc 5: l’osition lI;rrors  (Ik+ti]ilated  - ‘J’rut]l)  and 10 lJIICM  aini,ies  fro]n lInage l’recessing I’iltcr

e]rors  I)ci])g at wo13t  slightly oveI 2cr in a few of the l)ointsi ‘J’JIc formal ullccrt,aini,icx  clearly show the
proccdums  ability to pi]lpoint I,IIC spacecraft plane-of-sky positio]l  to the levt!] of wncmtainty  of the
mode], .arou Ild 200-250 ]n, wllilc  the ralig(! direction is ]nuch II IOrC poorly d(~lcrlnined,  aTou IId 1-2 km.
It call  also I)c semi that t]lc Iallgc detcrlni~lation is more sensitive to tile gcolnctry  of the sc.enc,  with
the 34 ])our ])criod of tlic trutli orbit  clcar]y  visib]c as a pcritldicity  in tlic ra]lgc uncertainty.  ‘1’hcsc
pcriodicities  arc also visible ill tile x and y directions, t)ut not as })rolloullccd  . l’ina]ly,  tile statistics of
tllc actual errors lcveals a bias in LIIC x and y estilnatcs to k about 30 and 60 ]]], rcspcctivc]y, while
tile bias ill rallgc is about 115 m. ‘J’llis im])lies  that l,lIe model is about 40-50” Ii] slnallcr than  the true
object.  ‘J’his  fact will also impaci  t,lIc orl)it detcrmi]lation rcsu]ts.

1+’igum 6 })lots  i,l)e residual  bci,wcm)  tllc cstilnatcxl  orbit  colnputed  by tl]e dynamic  filter and true
orbit,  give]]  ill tcrlt]s of its radial, transvmm, and IIornlal  coIIIl)oncmts. q’hc ])]ots show that after  all
initial period of a{ljustment,  tl)c cstimales  stabilize to very near  the true vitlues,  within tile 1-1.50 of
their respective ullcertailli,ics. ‘J1hc bias ill the range dctcrlllination  from tll[!  ill~agc  processing filter is
evident in hcm as well,  but  the dynamic constraints have ml UCMI  this value to an average  of aljout
60 m. ‘J’l]c  out-of-] dallc col]lponc]lct  of tlic m]or  IIas ]1o biases, but  the values  oscillate bcl,wccn its 10
values with a period equal to the orbital period. q’l)c lalgest  bias is .m!n in tile downtrack  component,
with a mean value of 100 m. III order to compensate for tlIr  larger  smnill)ajm axis, the filter also
overesti]natcs  tllc vzduc for ii by about 4%, shown in l’igure 7.

G Conclusions

‘1’his paper  dc]nonstrat,cd  a]] cfrcctivc  ]])cthod  of orbit  detcr)]lination  usi ag optical images as a data
type.  Using a wide 1+’OV camera and a precolnputcd  IHOCIC1  of aII astcloid, all algoritll~l~ was  deve loped
wl)icll  found limbs  fro]n a locat ion ncal the center  of ]Ilass of the object ill both  tlIc ]nodclcd  a]ld
observed scene, and i,]imi  c.orrelatcd  tile ]in]b scgmcmts to determine a hcst fit to the instantaneous
object c.mltcred  positioli of the ol)scrving spacecraft. ‘J’lle algol ithm was ]J]OVCI)  by using indcpcndc]lt
lnode]s  for tlic tllc truth  object  and Inodc]cd  object, whic]l also introducm  biases into tile system which
are qua]) tiiled ill tlIc ])rocess. ‘J’liese  illstantanous  position fixes wcm! tllmi  used as obscrvablcs  to a
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dynamic filter whic]l estimated the c.om]jlctc  state of the spacccmft.
A l though  thccurrcni  dynamicmodc]  uses asimp]c  t\U{)-bCJ(]Y  fO~CClllC)(]Cl,  C` ffOl'tS al`e U1l(lCl\~aYtO

aclcl  more realistic forces for tl)c silnulatiollo  in parl,icular,  the drcds of gravity IIarmonics of tlic aster-
oid, which illcludcs  Of~sctsil~  tllccclltcr-of-lllass,  and solar radifition prcssuw  will bc assessed. l’inally,
for complctc  autonolnous  navigation capability, orbit control in the forIn of autonomous mallcuvcr
colllputatioll  will nmxl  to h incorporated into tllc simulation.
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